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These searches yielded over 4000 initial references. Only studies testing an association between music and mathematics were included. Advocacy pieces and program descriptions (the vast majority) were excluded. In addition, studies had to have a measured math outcome, a control group, and sufficient statistical information for an effect size to be computed (or the authors had to be willing and able to supply needed missing statistical information).
Three types of empirical studies linking music and math were excluded. First, studies in which music was used as a reward for good performance in math were excluded because they do not test whether there is anything about music learning per se that improves mathematical aptitude. There were many of these. Studies in which musical jingles were used as memory aids to teach math were excluded because these studies did not provide authentic music instruction.4 Finally, studies assessing whether individuals who have a high musical aptitude also have a high mathematical aptitude (or the reverse) were excluded because my primary interest was in the effects of music instruction/exposure, rather than on individual differences in aptitude. However, a review of studies assessing the aptitude question would be interesting. If aptitude in music predicts aptitude in math, such a finding would suggest that training in music might result in improvements in math, or the reverse (training in math leading to improvement in musical ability). However, in what follows, only studies providing a direct test of the hypothesis that training in music results in improvements in math were included.
A total of 25 studies remained. These were of three types. Eight correlational studies (yielding 20 effect sizes) examined whether students who choose to study music have high math outcomes. A correlation between music study and math achievement is a necessary but not a sufficient condition for a causal relationship between music and math. Five experimental studies (yielding 6 effect sizes) provided a test of the hypothesis that music instruction causes mathematical improvement. These studies assessed whether learning to play an instrument results in improved math outcomes. Finally, 12 experimental studies (yielding 15 effect sizes) assessed the hypothesis that performance on math tests is facilitated when certain types of music are played in the background (rather than when silence prevails or when the music played was deemed distracting by the experimenters). For ease of reporting, from now on I refer to each effect size as a study.
Effect size rs were calculated, based on one of the methods listed in Table 3 of Winner and Cooper (this issue), along with the associated Z level and the significance level (p) associated with the Z. In one study (Kvet) , four effect sizes were calculated, but each was based on a separate experiment and set of participants. In no case were the same participants used for more than one effect size.
Correlational Studies
A meta-analysis was first performed on 20 correlational studies whose characteristics are summarized in Table 1 .5 Ten of these studies were from data made available by the College Board on SAT math scores (between 1987-1998, excluding 1993, for which standard deviations were unavailable).6 Ten other studies include data from comparatively small populations. In all cases, the studies compared some form of math achievement in students with and without self-selected music study. In all of the studies, students were trained to perform music either instrumentally or vocally. For the 10 College Board studies, the music experience consisted in having taken at least one course in instrumental or vocal performance in high school.7 The comparison group consisted of students who had taken no arts courses of any kind. Studies were coded according to the categories listed below.
Coding Characteristics
Year. Dates of publication/appearance ranged from 1950-1999.
Sample Size. The total sample size of the studies analyzed was n= 5,788,132. Sample sizes ranged from n=34 to n=648,144, with a mean of n=286,907 and a median of n=273,858.
Outcome. All outcomes but one were measured by standardized math tests. One outcome was based on grade point average in math.
Age of Participants. Thirteen studies assessed students at the high school level, and six studies assessed elementary-school-aged children (3rd -6th grades); one study assessed students at the college level.
Duration of Music Training. Duration of music training varied widely. Ten studies assessed the association between math performance and 1-4 years of music instruction; four assessed the association between math and 1-6 years of music; and one assessed the association between math and 1-5 years of music.
Outlet. Most of the studies were in the form of "fugitive" (unpublished) literature. Seven studies appeared as unpublished doctoral dissertations, one was in the form of a conference presentation, and ten appeared in the form of unpublished tabulated data (the College Board studies). Only two studies were in published form: of these, one appeared as a chapter and one appeared in a in peer-reviewed journal.
Results
As shown in the stem and leaf display in Table 2 , the 20 effect size rs ranged from r = -.05 to r = .37. The mean effect size was r = .15. When weighted by size of study, the mean effect size r= .14. Thus there is little difference between the mean weighted and unweighted effect size, despite the fact that the SAT studies had far larger sample sizes (mean n over the ten years = 573,227) than did the other ten studies (mean n= 586). The Stouffer's Z test for combining probabilities yielded a highly significant Z=192.59, p<.0001, indicating that these findings can be generalized to new subjects who might have been selected for these studies. The more conservative t-test of the mean Zr was 7.527, significant at p<.0001, indicating that these results can be generalized to new research studies. I conclude, therefore, that it is highly unlikely that the positive effect size of r=.15 was due to chance. The 95% confidence interval was narrow and did not span zero, ranging from r=.10 to r=.19. A file drawer analysis revealed that 665 studies averaging null results would need to be found to bring the Stouffer's Z down to the just-significant level of p=.05. This gives some indication that the effect size is robust.
However, effect sizes were significantly heterogeneous, X2= 6472, df=19, p< .00001.8 When I examined only the ten College Board studies, heterogeneity remained significant, X2= 6378, df=9, p< .00001. As can be seen from Table 1 , effect sizes from the College Board studies increased fairly steadily with each year. I was not able to identify a factor that accounted for the heterogeneity in these effect sizes other than the influence of the large sample sizes on the chi-square statistic.9
Discussion
This meta-analysis demonstrates a modest positive association between the voluntary study of music, on the one hand, and mathematical achievement, on the other hand. While correlation is a necessary condition for causality, it is not sufficient. Thus, while it is conceivable that the music education received by the students in these studies actually led to improvement in math performance, other explanations for this correlation have not been ruled out. Students who attend schools in which music classes are a part of the curriculum may come from a stronger socioeconomic background than those who attend music-poor schools; music-rich schools may be better academically than music-poor schools because these are schools with better resources; and students who study music and do well in math may come from families that value both study of the arts and academic achievement.
The claim that involvement in music improves math achievement is consistent with-but not proven by-the positive effect size found here. For a test of the causal power of music to improve math we must turn to the experimental studies.
Experimental Training Studies
A meta-analysis was next performed on six experimental training studies in which students were given instruction in instrumental or vocal music performance for at least four months and then were tested on math skills.10 These studies and their characteristics are listed in Table 3 .11
Coding Characteristics
Year. Dates of publication/appearance ranged from 1959-1997.
Sample Size. The total sample size of the studies analyzed was n= 357. Sample sizes ranged from n=28 to n=128, with a mean of n=60 and a median of n=48.
Design. Two studies were true-experimental studies in which students were randomly assigned at the individual level to a music or a control group. Four were quasi-experimental studies in which students were either assigned to groups at the classroom level, or in which convenience samples were used. In addition, four of the studies matched music and control groups in terms of potentially relevant factors such as IQ, grade point average, social class, or musical experience.
Outcome. Three studies used a standardized math achievement test as the outcome, and three used a test designed by the researcher. In the study by Graziano and her colleagues, a computerized interactive test was used as the assessment. Children were given 16 nonverbal items assessing their understanding of proportions and ratios. Children saw pictures of shapes and objects on a computer screen and were asked how many of certain shapes (e.g., blocks or triangles) would fit into a larger shape. In the two studies by Neufeld, children were given a test assessing prenumber concepts related to proportions and ratios. The test consisted of tasks such as seriating objects by size or length (showing an understanding of a progression from less to more), and completing patterns given a choice of missing pieces.
Age of Participants. All six studies assessed students at the preschool or elementary school level.
Duration of Music Training. The amount of time spent on music training ranged from four months to two years. Instrument. In two studies, children were trained on the keyboard; in two they were trained vocally (Kodaly method); in one study, children were trained on the violin (Suzuki method); and in one they were trained on a variety of instruments (school band instruments). In the study by Graziano and her colleagues, the music training consisted of group piano lessons as well as training in computerized spatial-temporal games and practice with fractions and proportions. The control group received the same spatial-temporal and math practice, but instead of piano lessons, they received group English lessons on the computer. Notation. In three studies, children were exposed to traditional music notation. In two studies, the Kodaly method was used, in which students learn to read hand movements that stand for pitches but in which no written notation is involved. And in the study using the Suzuki method, no notation of any kind was used. Unfortunately, as shown in Table 3 , type of instrument, type of instructional method, and presence or absence of exposure to notation were confounded so that I could not test the impact of these measures separately.
Outlet. Three effect sizes came from studies published in peer-reviewed journals (two of these were actually from the same study, from which I computed two effect sizes). Two studies were doctoral dissertations, and one was a conference presentation.
Results
As shown in the stem and leaf display in Table 4 , the effect sizes ranged from r = -.04 to r =.31. The mean effect size was r=.13. When weighted by size of study, the mean effect increased to r=.16, indicating that larger studies had higher effect sizes. The combined Zs yielded a Stouffer's Z= 2.62, p=.004, indicating that it is highly unlikely that the positive effect size found was due to chance. The more conservative t-test of the mean Zr = 2.49, nearly significant at p=.06. The 95% confidence interval did not span zero, but ranged from r=.03 to r=.23. This tells us that in another sample of six similar studies, the mean effect size is not likely to be at zero or below. A file drawer analysis revealed that nine studies would need to be found averaging null results to bring the Stouffer's Z down to just significant at p=.05. Effect sizes were not significantly heterogeneous, X2= 3.79, df=5, p = .58. A linear contrast test was performed to determine whether studies in which students learned to read music notation were associated with higher effects sizes than studies without notation learning. This prediction was made because it is possible that practice in reading symbols might generalize to practice in reading math symbols. Contrast weights correlated with notation involvement at r = .62. The linear contrast Z, however, proved nonsignificant (Z = .61, p = .27). Thus, it appears that, in this sample, music training that included learning to read notation was no more effective at enhancing math performance than was music training without music reading. This result contrasts with that reported in Hetland (this issue).
Discussion
One final comment is important to make. It is noteworthy that the study by Graziano and her colleagues produced the largest effect size. In this study both the experimental and control groups received the same instruction in math, but the experimental group also received music. Perhaps it was the combination of music instruction and the particular spatial-temporal math instruction students in that study received that led to the improved math performance. Clearly, further research is required to test the possibility that concurrent but separate math instruction using spatial-temporal methods improves math performance.
Background Music Studies
Fifteen experimental studies were identified which investigated whether listening to soothing background music while taking a math test resulted in elevated math scores. These studies were combined to test the prediction that soothing (the researchers sometimes called this "mood-calming") music enhances math performance. The types of music considered soothing in these studies were: classical, instrumental music played at medium volume, folk music, disco-instrumental music, soft "pop" music, and muzak. In various control conditions, participants listened to music considered to be distracting and hence predicted to interfere with math performance: "stimulating" or loud pieces of classical music, opera, rock, and rap. In addition, speech (without music) and industrial noise were predicted to interfere with math.12 Table 5 summarizes the characteristics of these studies.
Coding Characteristics
Year. Dates of publication/appearance ranged from 1958-1998. Sample Size. The total sample size of the studies analyzed was n= 1,652. Sample sizes ranged from n=10 to n=320, with a mean of n=110 and a median of n=95. Design. Nine studies were "between-subjects" designs. These involved a comparison between a group exposed to music predicted to enhance math and one or more groups exposed to a condition predicted to interfere with math. In each case, a math test was taken during exposure to various kinds of auditory stimulation. Six studies were designed as "within-subjects" studies. In these studies, students listened to music predicted to enhance math and also to one or more conditions predicted to interfere with math.
Again, during each condition participants took a math test. Conditions were always separated by a time period of at least one day, and the math tests given during the different conditions were parallel but never identical. In all but one case, order of conditions was counterbalanced to rule out practice effects. In one study (Manthei and Kelley, 1998), the classical music condition always preceded the control (silence) condition. Thus, this order works against the hypothesis that classical music should enhance math, since the math test following silence was the second test taken and might have benefited from a practice effect. I retained this study since it was biased against rather than in favor of the hypothesis and so would contribute to a more conservative average effect.
Age of Participants. The age groups ranged from 2nd grade to college level.
Special Needs. Two of the studies assessed the effect of music on special needs students: attention deficit/hyperactivity, and emotionally/behaviorally disturbed. All other studies assessed the effect of music on typical children.
Conditions. The various combinations of conditions in each study are shown in Table 5 .
Outlet. Four studies appeared in peer-reviewed journals, two in non-peerreviewed journals, four as doctoral dissertations, one as a masters thesis, one as a conference presentation, and one as a technical report available on the internet. From these, 15 effect sizes were calculated.
Calculation of Effect Sizes
Where more than two conditions were present, it was necessary to calculate the effect size using the Maximum Possible Contrast F test.13 To calculate the F for the hypothesis that soothing music helps while distracting conditions hurt, a positive weight was assigned to those conditions predicted to enhance, and a negative weight was assigned to those conditions predicted to interfere with math. Weights always sum to zero.
Results
As shown in the stem and leaf display in Table 6 , effect sizes ranged from r = -.18 to r = .82. The mean effect size was r = .14 (Stouffer's Z= 2.77, p=.003; t-test of the mean Zr=1.71,, p=.11, only nearing significance). The weighted mean effect size was r=.07. The 95% confidence interval ranged from r=.02 to r=.26, and thus did not span zero. The file drawer measure indicated that 27 additional studies averaging null results would need to be found to conclude that the findings overestimate the effect of soothing or relaxing background music. Effect sizes were significantly heterogeneous, however, X2= 37.56, df=14, p=.0006, suggesting that the sample may come from more than one population of studies. Two studies (Abikoff, Hallam and Price) assessed the effects of background music on special-needs children (emotionally or attentionally disturbed). The study with children with attention disorder yielded a low effect size of only r = .05. However, the study with children with emotional and behavioral disorder yielded the highest effect size, r =.82. The possible beneficial calming/focussing effect of background music on emotionally disturbed children merits further research. When I eliminated these two studies from the analysis, in order to render studies more similar to one another (all based on typical children), a mean effect size of r=.07 was found (Stouffer's Z= 2.19, p=.014; t-test of the mean Zr=1.71, p=.11, only nearing significance), and a weighted mean effect size of r= .06. The 95% confidence interval spanned zero, ranging from r = -.01 to r = .15. The file drawer measure dropped to 11, meaning that only 11 additional studies averaging null results would need to be found to negate the findings here. With these studies excluded, the effect sizes were not significantly heterogeneous, X2= 21.77, df=12, p=.04.
Discussion
The experiments analyzed in this third meta-analysis were conducted to test the hypothesis that background music can enhance math performance. The underlying hypothesis is that an optimum level of music or background sound causes just the right amount of arousal to enhance performance. This hypothesis was not supported by the empirical evidence. The results of this meta-analysis show that playing music in the background while students are taking math tests has only a small positive effect, at best.
General Discussion
What are we to make of the oft-cited relationship between music and math? This analysis did not explore the possibility that individuals with high levels of musicality are also particularly able in mathematics; nor did it explore the reverse possibility that individuals with high mathematical ability are particularly musical. Instead, this analysis explored three other questions: 1) Do individuals who voluntarily choose to study music (and these may be individuals with high musical ability but I cannot say for sure) show higher mathematical achievement than those who do not so choose? 2) Do individuals exposed to a music curriculum in school (not voluntarily selected) show higher mathematical achievement as a consequence of this music instruction? 3) And does background music heard while thinking about math problems serve to enhance mathematical ability at least during the music listening time?
The meta-analyses of the existing data allow the following conclusions. The answer to the first question is yes. A small association between the voluntary study of music and mathematics achievement was found when 20 studies with correlational designs were combined.
The answer to the second question is also yes. A small causal relationship was demonstrated when six studies were combined, showing that music training enhances math performance. However, it is worthy of note that six studies is a very small number. Of these few studies, three produced modest effect sizes, and three produced essentially zero effect sizes (two positive and one negative). Only nine more studies averaging null results would be needed to overturn the significant finding here. In short, there is a dearth of existing evidence testing the hypothesis that music training enhances performance in mathematics, and I conclude that the hypothesis has not yet been adequately put to the test.
Finally, the answer to the third question, when only studies that include non-special-needs children were considered, is a very small and shaky yes. The confidence interval included zero, and the effect size found was trivially small. Thus, we cannot conclude with any certainty that soothing music enhances math performance. Moreover, even if such a conclusion could be drawn, we would need to examine the effect of soothing music on other kinds of academic performance in order to determine whether background music has a particularly enhancing effect on math, or whether it enhances any academic task as a function, perhaps, of its relaxing effect. There does exist a body of studies investigating the effect of music listening on reading achievement, and a meta-analysis of these findings would help put the background music and math meta-analysis into proper context. could not be included because the experimental group received music training during regular math class time, while the control group continued with its usual math studies. Hence, the experimental group received less instruction in math. This group yielded a negative effect size (r=-.12), and this poor showing of the music students may well have been due to the fact that they actually studied less math than did the control group. 11. Full references for these studies can be found in Studies Used in Meta-Analyses. 12. In one study (by Abikov and his colleagues, 1996), rock and rap were compared to silence and were predicted to enhance rather than depress math performance. However, since this was in conflict with the hypotheses of all the other studies, I used this study only to test the hypothesis that rock and rap (both coded as -1, silence coded as +2) would interfere with math. Thus, the hypothesis for this study that was tested by this meta-analysis was not the hypothesis tested by these authors. 
